1] Volatile organic compound (VOC) measurements were made during the summer 2004 International Consortium for Atmospheric Research on Transport and Transformation (ICARTT) at Thompson Farm (TF), a continental site 25 km from the New Hampshire coast, and Appledore Island (AI), a marine site 10 km off the Maine coast. The 24 h mean total hydroxyl radical (OH) reactivity (±1s) for the suite of VOCs was 4.15 (±2.64) s À1 at TF and 2.57 (±1.10) s À1 at AI. The larger range of reactivity at TF was dominated by isoprene and the monoterpenes (mean combined reactivity = 2.01 (±2.57) s À1 ). The impact of local anthropogenic hydrocarbon sources such as liquefied petroleum gas (LPG) leakage and fossil fuel evaporation was evident at both sites. During the campaign, a propane flux of 9 (±2) Â 10 9 molecules cm À2 s À1 was calculated from the linear regression of the mean 0100-0400 local time mixing ratios at TF. This is consistent with fluxes observed in 2003 at sites spread throughout the coastal area of New Hampshire indicating that LPG tank leakage is a major hydrocarbon source throughout the region. Net monoterpene fluxes during ICARTT at TF were 6 (±2), 1.8 (±0.4), 1.2 (±0.6), and 0.4 (±0.5) Â 10 9 molecules cm À2 s À1 for a-pinene, b-pinene, camphene, and limonene, respectively. Comparison to estimated NO 3 and O 3 loss rates indicate that gross monoterpene emission rates were approximately double the observed net fluxes at TF and comparable to current monoterpene nighttime emission inventory estimates for the northeast.
Introduction
[2] Volatile organic compounds (VOCs), including methane (CH 4 ), nonmethane hydrocarbons (NMHCs) and oxygenated volatile organic compounds (OVOCs), have a significant impact on regional air quality as their oxidation in the presence of nitrogen oxides (NO x ) leads to tropospheric ozone (O 3 ) formation and VOC oxidation products can partition into particulate matter becoming a significant component of fine aerosol mass [Schauer et al., 2002] . The long-range transport of VOCs and NO x can affect air quality in locations far downwind from source regions. For example, frequent summertime pollution episodes in New England when O 3 levels exceeded the U.S. Environmental Protection Agency National Ambient Air Quality Standards have been linked to transport of photochemically aged air masses from urban areas located to the south and southwest of the region [Fischer et al., 2004; Griffin et al., 2004; Mao and Talbot, 2004b; Ray et al., 1996] . On a larger scale, polluted air masses transported across North America have been sampled over eastern Canada [Millet et al., 2006] , the north Atlantic [Daum et al., 1996; Lewis et al., 2007] , and Europe [Stohl and Trickl, 1999] .
[3] The atmospheric sources of VOCs include a variety of anthropogenic emissions such as fossil fuel combustion, biomass burning, and evaporation of solvents and fuels as well as natural emissions from vegetation, soil, and the ocean [Guenther et al., 1995] . The major atmospheric sink for most VOC species is oxidation by hydroxyl radical (OH) [Thompson, 1992] , which dominates during the midlatitude summer. Under certain conditions, reaction of VOCs with O 3 [Goldstein et al., 2004] , NO 3 [Brown et al., 2004; Geyer and Platt, 2002] , and atomic Cl [Finlayson-Pitts, 1993; Wingenter et al., 1999] can also be a significant oxidation pathway. Recognizing that the photochemical processes for a particular compound measured in the atmosphere is dependant on both the oxidant and its concentration, the potential contributions of different VOCs to photochemistry can generally be characterized by reactivity with OH as follows:
where [X] is the concentration of the VOC in molecules cm À3 and k OH is the literature rate constant for each hydrocarbon with OH at 298K in cm 3 molecules À1 s À1 [Atkinson, 1994 [Atkinson, , 1997 Atkinson et al., 2004] . The reactivity is a measure of the initial rate of peroxy radical production, which is often the rate limiting reaction in the process of O 3 formation. Whether or not O 3 is produced from a particular hydrocarbon depends on a variety of factors including NO x concentrations, the presence of other VOCs, and the oxidation mechanism [Carter, 1994] .
[4] This paper presents VOC measurements at two locations, a continental and a marine site in close proximity in Northern New England, during the summer of 2004 as part of the International Consortium for Atmospheric Research on Transport and Transformation (ICARTT) campaign [Fehsenfeld et al., 2006] . In this analysis, individual VOC contributions to potential OH reactivity were quantified and used to identify the most significant compounds affecting the local photochemistry at each site. Local nighttime fluxes of monoterpenes and propane were also estimated for the continental site. Finally, the influence of regional anthropogenic NMHC sources such as liquefied petroleum gas (LPG) leakage and gasoline evaporation were examined for each location.
Site Descriptions and VOC Measurements
[5] The compilation of measurements presented here were conducted at two of the University of New Hampshire's AIRMAP Observing Network sites, an inland one at Thompson Farm (TF, 43.11°N, 70 .95°W, 24 m) and a coastal marine location on Appledore Island (AI, 42.97°N, 70.62°W, 5 m) ( Figure 1 ).
[6] Situated 25 km from the Gulf of Maine and 5 km northeast of Great Bay in rural Durham, NH, the Thompson Farm observing station is established on an active corn farm surrounded by mixed forest and corn fields. VOC measurements, including C 2 -C 10 NMHCs, C 1 -C 2 halocarbons and C 1 -C 5 alkyl nitrates, were made at this site using an automated gas chromatograph (GC) system equipped with two flame ionization detectors (FIDs) and two electron capture detectors (ECDs) Zhou et al., 2005 Zhou et al., , 2008 . Air was continuously drawn from a PFA-Teflon lined manifold at the top of a 12 m tower and subsamples were analyzed every 40 min. Measurements included in this study were made from 12 July to 13 August 2004.
[7] The AIRMAP station on Appledore Island is one of the Isles of Shoals located 10 km off the coast of New Hampshire and Maine (Figure 1 ). Air samples were drawn from the top of a $20 m tall World War II-era coastal surveillance tower and collected in canisters on an hourly basis from 2 July to 13 August 2004. Samples were returned to the University of New Hampshire and analyzed within a week of collection on a three GC system equipped with two FIDs, two ECDs, and a mass spectrometer (MS) for C 2 -C 10 NMHCs, C 1 -C 2 halocarbons and C 1 -C 5 alkyl nitrates Zhou et al., 2005 Zhou et al., , 2008 . NMHC measurements spanning the period from 29 July through 13 August have been omitted from this analysis because a small fracture occurred in the stainless steel inlet line at the connection to the metal bellows pump, resulting in slightly elevated NMHC levels. Thus, the time period for the measurements used in this analysis spans from 2 to 28 July 2004. [8] At each site, additional measurements of NMHCs and OVOCs were made using a proton transfer reaction mass spectrometer (PTR-MS). Each PTR-MS was run under the same conditions with a drift tube pressure of 2 mbar, an electric field of 600 V and a 20 s dwell time for measuring 24 different VOCs, which resulted in a $10 min measurement cycle Ambrose et al., 2007] . Measurements of CH 4 for Appledore Island were made from an additional analysis of the canister samples at UNH using a GC-FID system, while at Thompson Farm, measurements were made every 5 min using a separate automated GC-FID system. Carbon monoxide (CO) mixing ratios were measured every 1 min using infrared spectroscopy [Mao and Talbot, 2004a] . Nitrogen dioxide (NO 2 ) was measured at Appledore Island using differential optical absorption spectroscopy (DOAS). The retroreflector was installed on the White Island lighthouse located 2.3 km away while spectra were recorded from the Appledore Island tower at approximately 40 m above sea level over a 4.6 km path length. At Thompson Farm, NO 2 was measured with NO using a fast response, high-sensitivity photolysis system. A more detailed description of this instrument is given by Griffin et al. [2007] and Ryerson et al. [2000] .
[9] A full list of the measured VOCs included in this analysis as well as their mean mixing ratios for the ICARTT campaign is given in Table 1 . Mean values throughout this article are presented as mean ± standard deviation unless stated otherwise. All measurements were averaged hourly for the reactivity analyses in section 3.1 to allow for easier comparison between the different measurement timescales and sites. Reactivities were calculated for NMHCs, OVOCs, CH 4 , CO, and NO 2 using equation (1) and the literature rate constants for reaction with OH at 298K [Atkinson, 1994 [Atkinson, , 1997 Atkinson et al., 2004] . Hourly GC and canister measurements of NMHCs were also used to calculate the ratios and net fluxes presented in sections 3.2, 3.3, and 3.4.
[10] In addition to the ICARTT measurements, the results from a diurnal study completed in August 2003 in the New Hampshire seacoast area are presented for comparison to the net fluxes calculated in sections 3.2 and 3.3. This diurnal study was conducted at six locations in the Great Bay region of coastal New Hampshire (Figure 1) ). At 5 of these sites (Wagon Hill, Sandy Point, Exeter, Pease Weather Station, and Fort Constitution), ambient pressure air samples were collected every hour from 1800 local time (LT) on 18 August to 1900 LT on 19 August 2003. Canisters were then returned to the University of New Hampshire for analysis on the three GC system described previously for Appledore Island measurements. Concurrent NMHC measurements were collected at Thompson Farm throughout the 25 h period using the automated GC system described previously for this site Zhou et al., , 2008 .
Results and Discussion

Comparison of VOC Reactivity at Thompson
Farm and Appledore Island
[11] Table 2 summarizes the mean reactivities for the major classes of measured compounds contributing to OH 80 ± 70 70 ± 70 Cyclopentane (C 5 ) 6 ± 3 9 ± 7 n-hexane (C 6 ) 50 ± 40 40 ± 40 Methylcyclopentane (C 6 ) 30 ± 20 40 ± 30 Cyclohexane (C 6 ) 20 ± 10 10 ± 10 n-heptane (C 7 ) 20 ± 20 20 ± 20 Methylcyclohexane (C 7 ) 20 ± 10 10 ± 10 n-octane (C 8 ) 9 ± 5 11 ± 9 2,2,4-trimethylpentane (C 8 ) 30 ± 20 40 ± 50 2,3,4-trimethylpentane (C 8 ) 12 ± 7 10 ± 10 n-decane (C 10 ) 12 ± 7 10 ± 10 Alkenes, pptv Ethene (C 2 ) 200 ± 300 200 ± 200 Propene (C 3 ) 60 ± 80 50 ± 50 1-butene (C 4 ) 10 ± 10 10 ± 9 i-butene (C 4 ) 20 ± 20 20 ± 20 Trans-2-butene (C 4 ) 6 ± 3 6 ± 9 Cis-2-butene (C 4 ) 8 ± 4 10 ± 10 1-pentene (C 5 ) 9 ± 6 8 ± 7 Trans-2-pentene (C 5 ) 7 ± 3 10 ± 10 Cis-2-pentene (C 5 ) 4 ± 2 6 ± 7 2-methyl-2-butene (C 5 ) 7 ± 3 7 ± 8 Alkynes, 20 ± 20 20 ± 10 4-ethyltoluene (C 9 ) 1 1 ± 7 7 ± 5 2-ethyltoluene (C 9 ) 9 ± 6 8 ± 6 1,3,5-trimethylbenzene (C 9 ) 1 0±7 7±5 1,2,4-trimethylbenzene (C 9 ) 30 ± 30 20 ± 20 1,2,3-trimethylbenzene ( loss at each site. The time series of cumulative reactivities and the relative contribution of each class to total VOC reactivity (with the exception of NO 2 ) is illustrated in Figure 2 ; NO 2 reactivity is not included because of significant time gaps in the measurements.
[12] The reactivities calculated for the extensive suite of VOCs measured at Thompson Farm and Appledore Island offer considerable insights into the different sources that affect each site. The most striking characteristic difference between the two locations was the larger range of VOC reactivity at Thompson Farm (1-20 s À1 , mean = 4.15 ± 2.64 s À1 ) compared to Appledore Island (1À5 s À1 , mean = 2.57 ± 1.10 s À1 ). Approximately 50% of VOC reactivity for Thompson Farm was attributable to the large concentrations of biogenic compounds (isoprene, a-pinene, bpinene, camphene, and limonene) observed at this site. At 0.29 ± 0.02 6.9 0.27 ± 0.01 10.5 C 2 -C 10 alkanes 0.10 ± 0.07 2.4 0.070 ± 0.079 2.9 C 2 -C 5 alkenes 0.10 ± 0.15 2.4 0.10 ± 0.11 3.9 Ethyne 0.0064 ± 0.0037 0.2 0.0074 ± 0.0051 2.9 Aromatics 0.12 ± 0.10 3.0 0.051 ± 0.074 2.0 OVOCs 0.35 ± 0.32 5.8 0.29 ± 0.24 11.2 Biogenics 2.01 ± 2.57 48.5 0.24 ± 0.41 9.3 Total 4.15 ± 2.64 2.57 ± 1.10 Figure 2 . The time series of summed (S) reactivity attributable to each class of compounds at (a) Thompson Farm and (b) Appledore Island and the cumulative fraction of this summed reactivity attributable to each class of compounds versus the range of total reactivity at (c) Thompson Farm and (d) Appledore Island. The inorganic gas NO 2 is a significant component of total measured OH reactivity at each site but was not included in these graphs because of time gaps in NO 2 measurement collection. Appledore Island, these biogenic compounds were much less prevalent (Tables 1 and 2) and longer-lived compounds like NO 2 , CO, CH 4 , and the OVOCs made larger contributions to site reactivity. However, biogenic compounds did have the highest mean reactivity (0.24 ± 0.21 s À1 ) of all the NMHCs (alkanes, alkenes, ethyne, and aromatics) at Appledore Island, with the strongest influence in high-reactivity air masses reflecting considerable transport of these short-lived gases from coastal sources ( Figure 2d ).
[13] The biogenic influence on OVOCs was evident at both sites, as the isoprene oxidation products methyl vinyl ketone (MVK) and methacrolein (MACR) were a significant component of OVOC reactivity (Figures 3a and 3b ). Because the PTR-MS does not distinguish between MVK and MACR, the reactivity for these compounds was calculated by multiplying their combined concentrations by the MVK rate constant with OH (k OH ), and should be interpreted as a lower limit. The greater fraction of reactivity associated with methanol and acetone in the cleanest air masses (lowest 10th percentile for total reactivity) at Thompson Farm most likely reflects direct biogenic emissions (Figure 3a) . This result is supported by the findings of Mao et al. [2006] , which suggested that vegetative emissions of methanol and acetone contributed approximately 79% and 62%, respectively, to the diurnal mixing ratio increases observed at Thompson Farm. In the same study, they also estimated that anthropogenic sources of methanol and acetone were more significant at Appledore Island comprising approximately 52% and 59% of the total source strength, respectively. This likely contributed to the drop in methanol and acetone reactivity observed in the cleanest or lowest-reactivity air masses reaching Appledore Island during the ICARTT measurement campaign (Figure 3b ).
[14] In discussing OVOC reactivity, it should be noted that formaldehyde was not measured at either Thompson Farm or Appledore Island during the ICARTT campaign period. A rough estimate of potential formaldehyde reactivity can be gained from the range of concentrations observed in low-altitude flights over the region during INTEX-NA (1.1 -4.3 ppbv or 0.24 -0.97 s À1 ) [Heald et al., 2007) . While formaldehyde is likely a significant contributor to OVOC reactivity at both Appledore Island and Thompson Farm, a more detailed comparison of its chemistry requires measurements specific to each site and is beyond the scope of this paper.
[15] A comparison of the proportion of reactivity attributable to the different alkenes separated by carbon number reveals distinct differences in the pattern of pentene reactivity at the two sites (Figures 3c and 3d ). While the shortlived pentenes represent a small percentage of the overall reactivity at both locations (10% ± 10% and 7% ± 8% at Thompson Farm and Appledore Island, respectively), they are a more persistent influence across a wide range of air masses at Thompson Farm. In contrast, pentene influence on alkene reactivity increased at Appledore Island with increasing ''total'' alkene reactivity, consistent with more intermittent influences from nearby coastal sources. Observations of elevated pentene mixing ratios off the coast of New Hampshire have previously been linked to gasoline evaporation sources [Goldan et al., 2004 ] and a more detailed analysis of pentene distributions at each site relevant to this hydrocarbon source is presented in section 3.4.
[16] A closer examination of the reactivity attributable to the alkanes by carbon number also provides further evi- and 3f ). The largest fraction of alkane reactivity was actually attributable to the pentanes (SC 5 -alkanes = 30% ± 5% and 22% ± 7% of total alkane reactivity at Thompson Farm and Appledore Island, respectively) reflecting the potential influence at both sites of evaporative emissions from unburned gasoline [Conner et al., 1995] . Propane reactivity at both locations was also substantial (22% ± 7% and 25% ± 9% of total alkane reactivity at Thompson Farm and Appledore Island, respectively), reflecting largescale leakage from LPG storage tanks. The influences of these hydrocarbon sources on VOC distributions in the region are evaluated in more depth in sections 3.3 and 3.4.
[17] The period from 13 to 19 July 2004 presented a significant contrast in VOC reactivities at both sites for clean marine air and polluted air masses with continental origin. Marine influenced air masses prevailed throughout the region from 13 to 15 July 2004. On the evening of 15 July, the wind direction shifted from east-northeasterly to west-southwesterly flow, and persisted through 18 July. Figure 4 shows two representative backward trajectories for Thompson Farm simulated using the NOAA HYSPLIT transport and dispersion model [Draxler and Rolph, 2003 ] that correspond to the origins of the marine (Figure 4a ) and continentally ( Figure 4b ) influenced air masses encountered in the NH coastal region during this time period.
[18] Figure 5 shows the contrast in reactivity between the marine and continentally influenced air masses observed at both sites from 13 to 19 July for alkanes, aromatics, biogenics, and OVOCs. For comparison, local wind speed during this time period is also shown in Figures 5c and  5d . At Thompson Farm, the marine influenced period spanning from 13 to 15 July still furnished significant alkane and aromatic reactivity, while biogenic and OVOC reactivity was generally limited (Figures 5a, 5c , 5e, and 5g). This is most likely attributable to mobile sources from two heavily traveled highways during the summer tourism season, U.S. Interstate I-95 and Route 1, and a network of smaller roads between Thompson Farm and the coast.
[19] During continental outflow from 16 to 19 July, a diurnal pattern is clearly observable at Thompson Farm with nighttime reactivity maxima for alkane, aromatic and biogenic NMHCs and OVOC minima. Note that during 13 to 15 July, wind speeds generally remained above 1 m s À1 throughout the night whereas the nights of 16 to 19 July were calm. These stagnant conditions (wind speed <0.5 m s À1 ) occur frequently at Thompson Farm during the early morning and are characteristic of the stable nocturnal inversion layer observed at this site . On these nights, poor ventilation coupled with regional emissions led to nighttime increases in alkane and aromatic mixing ratios and consequently higher VOC reactivity. Limited nighttime oxidation at Thompson Farm is further indicated by the build-up of isoprene and monoterpenes which are very reactive toward NO 3 and O 3 , the major oxidants at night. Minimal OVOC reactivity on these nights reflects significant deposition of these polar compounds, another characteristic feature of stable nocturnal inversion layer formation . A quantitative assessment of the nocturnal VOC mixing ratio increases observed and their impact on regional emissions is addressed in section 3.2.
[20] At Appledore Island, the contrast between marine and continentally influenced air masses is particularly striking with minimal reactivity from 13 to 15 July and substantial enhancements for all VOCs from 16 to 19 July (Figures 5b, 5d, 5f, and 5h ). The pattern for biogenic reactivity in continental outflow was unique compared to the other VOCs at Appledore, with limited time periods during which isoprene and the monoterpenes were actually detected. Evening peaks in isoprene (for example, 16 and 17 July, 1900 -2300 LT on Figure 5f ) generally coincided with significant increases in OVOC reactivity reflecting the outflow of daytime emissions and oxidation products. A second peak in isoprene reactivity often occurred midmorning (for example, 17 and 18 July, 0800 -1100 LT on Figure 5f ) and coincided with decreased OVOC reactivity and the presence of monoterpenes indicating the ventilation of nighttime enhancements in continental outflow.
NMHC Flux Estimates at Thompson Farm
[21] Average hourly nighttime mixing ratio enhancements at Thompson Farm were used to estimate the net nighttime flux of several anthropogenic and biogenic hydrocarbons. This type of calculation is similar to the simple box models used for estimating nighttime O 3 deposition velocities [Hastie et al., 1993; Talbot et al., 2005] , terrestrial methyl iodide emissions , and marine halocarbon emissions . In this study, we examine changes in NMHC measurements made at Thompson Farm under a nocturnal inversion layer. As described in detail by Mao and Talbot [2004a] , weak wind conditions (<2 m s À1 ) are persistent (>70% of the time) at Thompson Farm during the night in summer. This low average nocturnal wind speed indicates transport was generally limited at night and there was minimal exchange between the nocturnal boundary layer and the residual layer above. Hence local sources and sinks were responsible for the net nighttime fluxes [Mao and Talbot, 2004a; Zhou et al., 2005; Sive et al., 2007] . Under these stagnant conditions, the net nighttime flux (NF) is the difference between local emissions (ER) and loss due to nighttime chemistry with NO 3 and O 3 (L NO3 and L O3 ), advection (L A ), and deposition (L D ).
[22] Net nighttime fluxes were calculated from the linear regression slopes ( d C ½ dt ) of average hourly VOC concentrations reported in molecules cm À3 versus time multiplied by the mixed layer height (ML). Only measurements from nights with wind speeds 0.5 m s À1 were included in the hourly averages to limit the influence of large-scale horizontal advection on our flux estimates. To minimize the effect of diurnal changes in the ML height overnight, fluxes were calculated using measurements from 0100 to 0400 LT only, when model estimates indicated the ML height at Thompson Farm is stable. As there were no ML measurements at Thompson Farm during ICARTT, the height was assumed to be 125 m which is the median value from the range (50 -200 m) of nocturnal inversion layer heights measured at a variety of similar midlatitudinal rural locations. This range of ML thickness was obtained from the measurements over a flat plain in Wales [Galbally, 1968] , a grass covered area of the Rhine river valley in Germany [Gusten et al., 1998] , and an agricultural clearing surrounded by forest in Ontario, Canada [Hastie et al., 1993; Shepson et al., 1992] .
[23] To assess the contribution of the major nighttime sinks to these net fluxes, estimates of loss rates due to reactions with O 3 and NO 3 (L O3 and L NO3 ) are also given in Table 3 . These loss rates were calculated using the pseudofirst-order rate equation below times the ML height: Table 4 gives the mean NMHC mixing ratios (from 0100 to 0400 LT when wind speeds 0.5 m s À1 ; values converted to molecules cm À3 for loss rate calculation) and literature rate constants, k ox,NMHC . The mean concentration of O 3 ([ox]) for these same time periods was 3 (±2) Â 10 11 molecules cm À3 or 12 ± 8 ppbv. Because NO 3 was not measured at Thompson Farm during the ICARTT campaign, its concentration was estimated as 3 (±4) Â 10 6 molecules cm À3 or 0.1 ± 0.1 pptv by assuming equilibrium between its production mechanism, reaction of NO 2 and O 3 , and its major loss mechanism, reaction with isoprene and monoterpenes. A full description of this type of calculation is given by Goldan et al. [1995] . Because NMHCs are not likely to be lost through physical processes like dry and wet deposition [Singh and Zimmerman, 1992] , L d was assumed to be negligible. Loss due to advection (L a ) was also negligible under the weak wind conditions selected. As a result, gross emission rates (ER) listed in Table 3 were calculated as the sum of NF, L O3 , and L NO3 . It should be noted that errors given in Table 3 do not include uncertainty due to estimating the ML height.
[24] The NMHCs that exhibited significant positive nighttime net fluxes during the ICARTT campaign are listed in Table 3 . Considering the dominant biogenic influence at Thompson Farm, the strong positive net fluxes for the monoterpenes is not surprising. The most abundant monoterpene at Thompson Farm, a-pinene, also had the highest nighttime net flux rate (6 (±2) Â 10 9 molecules cm À2 s À1 ), over twice that of b-pinene (1.8 (±0.4) Â 10 9 molecules cm À2 s À1 ) and over four times that of camphene or limonene (1.2 (±0.6) Â 10 9 and 4 (±5) Â 10 8 molecules cm À2 s À1 ). Estimated loss rates for these reactive compounds were comparable to net fluxes with highest L O3 and L NO3 rates attributable to a-pinene (6 (±8) Â 10 9 and 5 (±30) Â 10 9 molecules cm À2 s À1 , respectively). The fact that positive nighttime net fluxes were still observed for all the monoterpenes reflects significantly higher monoterpene gross emission rates that effectively dominate nighttime chemistry at Thompson Farm. Our estimates were comparable to nighttime biogenic emissions inventory estimates for the area (1 Â 10 10 molecules cm À2 s À1 at 0100 LT, SMOKE v2.1 biogenic emission inventory: http://www.smoke-model.org/data.cfm).
[25] Propane had the highest net flux rate at Thompson Farm (9 (±2) Â 10 9 molecules cm À2 s À1 ). Because propane is not reactive toward O 3 or NO 3 , loss rates were minimal and the net flux rate can be considered an estimate of propane emission. This high emission rate reflects widespread LPG leakage from storage tanks throughout the seacoast region of NH which is discussed in section 3.3.
Influence of LPG Leakage Sources
[26] Continuous measurements of NMHCs at Thompson Farm since 2002 have revealed that large enhancements of propane as well as other constituents (i.e., i-butane, nbutane, i-pentane, n-pentane and the alkenes) of LPG Emission Rate (±err), molecules cm À2 s À1 molecules cm À2 s À1 r 2 a-pinene 6 (±2) Â 10 9 0.85 6 (±8) Â 10 9 5 (±30) Â 10 9 2 (±3) Â 10 10 b-pinene 1.8 (±0.4) Â 10 9 0.91 5 (±5) Â 10 8 9 (±30) Â 10 8 3 (±3) Â 10 9 Camphene 1.2 (±0.6) Â 10 9 0.65 2 (±2) Â 10 7 2 (±4) Â 10 8 1.4 (±0.7) Â 10 9 Limonene 4 (±5) Â 10 8 0.26 1(±2) Â 10 7 1 (±1) Â 10 9 3 (±2) Â 10 9 Propane 9 (±2) Â 10 9 0.92 1 (±0.8) Â 10 3 3 (±20) Â 10 5 9 (±2) Â 10 9 a All rates based upon nighttime measurements from 0100 to 0400 LT when wind speeds were 0.5 m s À1 . The NF error is the standard error of the regression slope and r 2 is the coefficient of determination indicating how well the linear regression relationship fits the average hourly data. The L O3 and L NO3 errors are propagated from the standard deviations of the oxidant and NMHC concentrations from 0100 to 0400 LT under stagnant conditions. The ER errors are propagated from the errors in NF, L O3 , and L NO3 . leakage, are observed regularly at this site (B. Sive, unpublished data, 2002 Sive, unpublished data, -2007 . During these events, propane was the dominant NMHC with mixing ratios that were at least 2 -3 times larger than ethane which is typically the most abundant NMHC in the atmosphere. For the ICARTT campaign time period, the pronounced nighttime propane enhancement is accentuated by comparing the hourly mixing ratios of propane and ethane ( Figure 6 ). On average, propane mixing ratios increased by $1 ppbv overnight, while some individual nights experienced enhancements > 3 ppbv. In contrast, ethane levels remained relatively consistent throughout day and night over the same time period.
[27] To determine whether the propane flux estimated in Table 3 reflects an isolated source near Thompson Farm or regional LPG leakage, measurements from the 2004 ICARTT campaign were compared to diurnal measurements made the previous year at six locations throughout the seacoast area of New Hampshire as part of a coastal study on marine emissions of short-lived halocarbons (Figure 7) . On 18-19 August 2003, samples were collected hourly at 5 sites throughout the Great Bay region in addition to our continuous measurements at Thompson Farm (see Figure 1 ). The diurnal propane and ethyne mixing ratios are shown in Figures  7a and 7b for all six sampling sites. Nocturnal inversion layer formation was distinctly suggested by the diurnal cycles of wind speed, j NO2 , and O 3 observed at Thompson Farm with weak wind conditions and depleted O 3 overnight followed by clear skies the next day (Figures 7c and 7d) . On such nights, the buildup of anthropogenic tracers is most visible because of minimal ventilation and continuous emissions. The most notable features common to all sites were that (1) propane levels increased from approximately 200 pptv during the day to the 2-4 ppbv overnight while the increases in ethyne only averaged 500 pptv and (2) propane enhancements observed at Thompson Farm were actually below the average for the seacoast region of New Hampshire.
[28] The net flux rates were estimated from 0100 to 0400 LT for the key constituents of LPG leakage at Thompson Farm together with all other sites sampled during the 2003 diurnal study (Table 5 ). Net propane fluxes were consistently a full order of magnitude larger than any other NMHC flux observed indicating a widespread distribution of localized sources throughout the region. The regional average and individual Thompson Farm propane net fluxes calculated for this night (3 (±1) and 2.31 (±0.07) Â 10 10 molecules cm À2 s À1 , respectively) were also comparable to the net flux calculated for the ICARTT campaign the following year (9 (±2) Â 10 9 molecules cm À2 s À1 ). In addition to propane, smaller positive net fluxes were observed at Thompson Farm for some of the minor components commonly found in LPG like the butanes, i-pentane, ethene, propene, and 1-butene [Blake and Rowland, 1995; Chen et al., 2001] . However, positive fluxes for these compounds were not a consistent feature across the region which probably reflects the variable composition of these components in LPG [Blake and Rowland, 1995] combined with the different nearby source distributions at each sampling location.
[29] The propane emission rates observed at Thompson Farm during the ICARTT campaign and the six sampling sites from the previous summer are significant, particularly for such rural sites located far from upwind urban and industrial source regions. Estimates of propane emission in more densely populated urban areas, such as Santiago, Chile [Chen et al., 2001] and Mexico City, Mexico [Blake and Rowland, 1995] , are two orders of magnitude larger than observed at Thompson Farm. For example, LPG leakage in Santiago, Chile, contributes 80 tons of propane per day to the 525 km 2 study area, or 2 Â 10 12 molecules cm À2 s À1 [Chen et al., 2001] . However, LPG use is widespread across northern New England as approximately 74% of the LPG consumed throughout New Hampshire, Maine and Vermont is used for residential heating and cooking ( Propane 2.31 (±0.07) Â 10 10 0.99 3 (±1) Â 10 10 0.72 Ethene 3.6 (±0.6) Â 10 9 0.95 2 (±2) Â 10 9 0.31 Propene 1.8 (±0.6) Â 10 9 0.81 À4 (±5) Â 10 8 0.21 i-butane 1.0 (±0.1) Â 10 9 0.97 À2 (±2) Â 10 8 0.31 n-butane 1.4 (±0.5) Â 10 9 0.79 À7 (±12) Â 10 8 0.15 i-pentane 2 (±1) Â 10 9 0.74 À3 (±4) Â 10 9 0.28 1-butene 3.2 (±0.2) Â 10 8 0.99 À3 (±1) Â 10 8 0.89 a Fluxes were calculated as the linear regression slope of average 0100 -0400 LT hourly concentrations in molecules cm À1 times estimated planetary boundary layer height in cm versus time. The error is the standard error of the regression slope and r 2 is the coefficient of determination indicating how well the linear regression relationship fits the average hourly data. Administration, U.S. Department of Energy, Washington, D. C., available at http://www.eia.doe.gov/emeu/states/sep_fuel/html/fuel_lg.html). Assuming the rate of emission calculated for Thompson Farm during the ICARTT campaign is applicable to all of New Hampshire, Maine, and Vermont with a combined land area of 135,000 km 2 , over 80 tons of propane are emitted into northern New England on a daily basis. A more detailed spatial survey is currently underway to better constrain this regional propane emission estimate. However, this initial approximation indicates that widespread LPG leakage is a major propane source to the region.
[30] The extent of LPG leakage influence on propane mixing ratios regionally is further emphasized by a comparison of propane-to-benzene ratios at Thompson Farm and Appledore Island to gasoline evaporation (mean = 2.0 ± 0.4) source ratios (Table 6 and Figure 8 ). The vehicle exhaust source ratio (mean = 0.5 ± 0.2) is not shown in Figures 8a and 8b as it is well below the range of values observed at either site. These source ratios were calculated from published hydrocarbon emission profiles for a variety of tunnel [Conner et al., 1995; Fraser et al., 1998; Kirchstetter et al., 1996; McGaughey et al., 2004; Rogak et al., 1998; Sagebiel et al., 1996] and gasoline headspace [Conner et al., 1995] studies.
[31] At Thompson Farm, the low levels of propane-tobenzene ratios observed in the cleanest marine air encountered from 13 to 14 July were consistent with gasoline evaporation sources ( Figure 8a ). As coastal influences increased from 14 to 15 July, so did propane mixing ratios reflecting increasing inputs from LPG leakage sources. The highest propane-to-benzene mixing ratios at Thompson Farm generally occurred during low wind speed nights like those observed from 16 to 19 July. In addition to these nighttime enhancements, daytime propane-to-benzene ratios also reflected significant LPG leakage influence. Both daytime and nighttime means throughout the ICARTT campaign (8 ± 5 and 11 ± 6, respectively) were elevated well above the expected ratios from either vehicle exhaust or gasoline evaporation.
[32] At Appledore Island, the impact of continental outflow of propane from regional LPG leakage during ICARTT was clearly seen (Figure 8b) . While the ratio of propaneto-benzene throughout the measurement campaign (mean = 9.0 ± 6) was well above both vehicle exhaust and gasoline evaporation source ratios, there was a clear demarcation between periods of marine and continental flow. The mean propane-to-benzene ratio rapidly increased from 6 ± 6 in marine air masses to 9 ± 6 in continental outflow with a maximum of 59 reached on 18 July 2004. Because propane is relatively long lived compared to other NMHCs, such large inputs to air masses transported off of the continent across the Atlantic Ocean could also significantly impact tropospheric ozone production, particularly in downwind locations such as Europe.
Influence of Gasoline Evaporation Sources
[33] In summer 2002, comparison of total measured (S) total pentene (1-pentene, 2-methyl-2-butene, cis-and trans-2-pentene)-to-benzene ratios to source ratios was used to identify significant fuel evaporation influences on fresh plumes coming off the Portsmouth/Kittery region of the New Hampshire coast [Goldan et al., 2004] . This ratio was calculated using our measurements during ICARTT to determine if these episodes of fuel evaporation influence also occurred in the region in 2004 ( Table 6 ). The vehicle exhaust and fuel evaporation source ratios given in Table 6 were calculated from published hydrocarbon emission profiles for a variety of tunnel [Conner et al., 1995; Fraser et al., 1998; Kirchstetter et al., 1996; McGaughey et al., 2004; Rogak et al., 1998; Sagebiel et al., 1996] and gasoline headspace [Conner et al., 1995] studies.
[34] At Thompson Farm and Appledore Island, the average ratio of Spentene-to-benzene throughout the campaign (0.16 ± 0.12 and 0.18 ± 0.21, respectively) was much closer to the expected ratio for vehicle exhaust (0.6 ± 1.8) and almost three orders of magnitude lower than those from gasoline evaporation (10 ± 1) (Table 6 ). However, actual pentene mixing ratios never exceeded 60 pptv at Thompson Farm or 250 pptv at Appledore Island, well below the > 1 ppbv levels Goldan et al. [2004] observed in the 2002 alkene plume off the New Hampshire coast. In areas downwind of major sources such as Thompson Farm and Appledore Island, low Spentene-to-benzene ratios do not exclude the potential influence of gasoline evaporative emissions on VOC distribution because lower ratios could simply reflect a greater degree of air mass photochemical processing with more reactive pentenes removed faster than benzene.
[35] As pentanes are also elevated in fuel evaporation emissions [Conner et al., 1995] and longer lived than pentenes [Atkinson, 1997] , we also examined total measured (S) pentane (n-pentane, i-pentane, and cyclopentane) to benzene ratios at both sites. Averaged over the entire ICARTT campaign, the Spentane-to-benzene ratios at Thompson Farm and Appledore Island (3.8 ± 1.7 and 2.6 ± 1.9, respectively) were more consistent with a 1.5 ± 0.9 6.9 1.0 ± 0.2 70 ± 10 Propane/benzene 9.5 ± 5.6 19 9.0 ± 6.3 13 0.45 ± 0.16 2.0 ± 0.4 a Ratios are reported as mean ± standard deviation for all data from the measurement periods at Thompson Farm and Appledore Island. The ratios associated with high Spentane-to-benzene ratio events corresponding to the trajectories in Figure 9 are also reported. The vehicle exhaust and fuel evaporation ratios are the mean ± standard deviation for published tunnel and gasoline evaporation studies as described in the text. vehicle exhaust source signature (2.8 ± 0.2) than with fuel evaporation (47 ± 3) (Table 6 ). However, there was a wide degree of variability reflecting episodes of high Spentaneto-benzene ratios at both locations (Figures 8c and 8d) . At Thompson Farm, this variability was defined by a diurnal pattern of nighttime highs (mean = 4.2 ± 1.5) and daytime lows (mean = 3.6 ± 1.8) that was intermittently punctuated by short-term (2 to 6 h) peak Spentane-to-benzene events (for example, 1900 -2100 LT 17 July 2004, Figure 8c ). There were 10 of these short-term peak events observed at Thompson Farm during ICARTT with maximum Spentane-to-benzene ratios ranging between 8 and 14. At Appledore Island, Spentane-to-benzene ratio variability reflected minimum values in clean marine air masses (mean = 1.2 ± 1.2) and higher continental values (mean = 2.8 ± 1.9) interspersed by 7 different 2 to 6 h peak Spentane-to-benzene events with maxima from 7 to 17.
[36] To further analyze the conditions under which fuel evaporation is significant at each site, the characteristic hydrocarbon ratios and HYSPLIT back trajectories for representative high Spentane-to-benzene events were examined for two cases (Table 6 and Figure 9 ). On 26 July, Spentene-to-benzene ratios at Appledore Island increased from a minimum of 2 at 0200 LT to 16 by 0800 LT. Shortlived alkenes indicative of recent/local source influences were also significant in this air mass with Spentene-tobenzene ratios reaching the peak value observed at Appledore Island (1.6) by 0800 LT (Table 6 ). The highest Spentane to benzene events at both sites were often associated with air masses that had come from Maine and Thompson Farm and (d) Appledore Island Spentane (n-pentane, i-pentane, and cyclopentane)-tobenzene ratios. The solid and dashed horizontal lines represent the mean and error for literature propaneto-benzene gasoline evaporation source ratios and Spentane-to-benzene vehicle exhaust source ratios as described in the text. Propane-to-benzene vehicle exhaust and Spentane-to-benzene gasoline evaporation source ratios are not shown. The vertical arrow on Figure 8b indicates measured propane-to-benzene ratios were off scale on 18 July from 1000 to 1300 LT with a maximum ratio of 59 at 1100 LT. Clear and gray boxes denote the period of marine influence with east-northeasterly air masses from 13 to 15 July and continental influence with west-southwesterly air masses from 16 to 19 July. eastern Canada as suggested by the 24 h backward trajectories in Figure 9 . Population in this sector is concentrated in the southern coastal counties of Maine [U.S. Census Bureau, 2006] and fuel evaporation from mobile sources and refueling activities along the network of highways and local roads in this area is a likely pentane source.
[37] Additional indicators of fuel evaporation that are less sensitive to air mass photochemical processing between source and measurement are the ratios of 1-pentene-to-1,2,4-trimethylbenzene (tmb) and to-1,2,3-tmb. The compounds 1-pentene, 1,2,4-tmb, and 1,2,3-tmb have similar OH rate constants and their source ratios for vehicle exhaust and gasoline evaporation are significantly different (Table 6) . At Appledore Island on 26 July, the ratios of 1-pentene-to-1,2,4-tmb and 1-pentene-to-1,2,3-tmb at 0800 LT were 1.8 and 6.9, respectively, a factor of 7 higher than the representative range for vehicle exhaust (0.25 ± 0.04 and 1.0 ± 0.2, respectively). While these values were still below the range observed for gasoline evaporation (16 ± 3 and 70 ± 10, respectively), they do indicate that emissions from unburned fuel were a significant component of the VOCs observed at Appledore Island that morning. During this time period, air masses traveled over Maine and southern New Hampshire before reaching the Island (Figure 9b ). This is consistent with the observations of Goldan et al. [2004] off the coast of New Hampshire of short-term fuel evaporation influence on an early morning alkene plume coming from the Portsmouth/Kittery region.
[38] In contrast, the ratios of 1-pentene-to-1,2,4-tmb and -1,2,3-tmb during the 27 July high pentane event at Thompson Farm (0.18 and 2.6, respectively) were closer to vehicle exhaust source signatures reflecting a smaller influence from fuel evaporation sources (Table 6 ). The total pentene-to-benzene ratio also fell below the vehicle exhaust source signature suggesting greater photochemical processing of the air mass prior to sampling. The prevailing conditions at Thompson Farm that day were overcast with low wind speeds, as indicated by the circling back trajectory near the surface which was vertically stratified from higher elevations (Figure 9a ). Reduced direct sunlight and minimal vertical mixing would slow down oxidation of the less reactive pentanes relative to the pentenes, which most likely resulted in the high daytime pentane-to-benzene ratios observed.
Conclusions
[39] Our analysis indicates that biogenic compounds were the most significant contributor to regional VOC chemistry on the New Hampshire seacoast during the ICARTT campaign. Vegetative emissions dominated local VOC reactivity, particularly at Thompson Farm where calculations of significant nighttime net monoterpene fluxes reflected large gross emission rates that effectively overwhelmed nighttime chemistry at the site. OVOCs were the second largest component of Thompson Farm reactivity and the largest VOC contributor to reactivity at Appledore Island. The secondary production of MVK+MACR from isoprene was a significant regional process and MVK+MACR were major components of OVOC reactivity at both sites. Local anthropogenic VOC sources, such as LPG leakage and gasoline evaporation, also influenced NMHC distribution at both sites, particularly for propane and the pentanes. Gasoline evaporation was an episodic source of pentanes in the seacoast area compared to vehicle exhaust sources. In contrast, propane was significantly enhanced above vehicle exhaust and gasoline evaporation source ratios throughout the measurement period at both sites. Estimates of propane emission at Thompson Farm suggest that widespread LPG leakage throughout northern New England is a major propane source impacting regional VOC distribution. An additional study is currently underway to assess more comprehensively the geographical extent of LPG leakage throughout New England and its impact on regional VOC budgets and downwind O 3 production.
